Abstract -Parameters of hemocyte populations have been considered as relevant indicators of bivalve health and are currently used in immunotoxicological studies. Hemocytes in hemolymph can be collected by puncturing either the pericardial cavity or the adductor muscle sinus with a syringe. Flow cytometry is a methodological approach that is increasingly being used in laboratories for the study of hemocyte parameters in aquatic invertebrates. However, various protocols for hemocyte processing in laboratories equipped with different types of cytometers have been published. In this context, two flow cytometers (EPICS XL4 r , Beckman Coulter and FacsCalibur r , Becton Dickinson) and two sites of hemocyte collection (pericardial cavity and adductor muscle sinus) were compared for the analysis of hemocyte parameters in the Pacific oyster, Crassostrea gigas. Hemolymph cells were analyzed in terms of their number and organelle contents. Cell mortality, phagocytosis, non specific esterase, extension of the lysosomal compartment and production of reactive oxygen species were quantified. The results showed that the phagocytic index was higher for hemocytes obtained in the muscle sinus hemolymph. The results are discussed with respect to the potential use of flow cytometry as a tool for hemocyte studies in bivalves.
Introduction
Bivalve molluscs have an open circulatory system consisting of a circulating compartment which lacks capillaries. A complex network of sinuses is localised in various organs, the most important ones being located within the pericardial cavity and the adductor muscle (Cheng 1981) . As a consequence, hemocytes may either circulate in vessels, but may also be resting in interstitial tissues of organs. Studies have been done in bivalve hemocytes collected either from the pericardial fluid (Cheng and Downs 1988; Sauvé et al. 2002) or from the adductor muscle sinus hemolymph (Auffret et al. 2002; Chu et al. 2002; Lambert et al. 2007 ). These cells play a key role a Corresponding author: trenault@ifremer.fr in non-specific defence mechanisms and many of the hemocyte parameters are used for immunotoxicological diagnosis (Auffret 2005) . Hemocytes are involved in the recognition of invading pathogens and in their elimination by phagocytosis and encapsulation (Cheng 1981; Fisher 1986 ). Hydrolytic enzymes including esterases and the release of reactive oxygen species (ROS) play key roles in pathogen degradation (Pipe 1992) . Moreover, lysosomes have been described as a valid marker of cell viability (Moore et al. 1978) . Assessing either the functions of these cells or any possible disruptions induced by environmental stressors requires efficient and reliable methodologies in the domain of cell biology. Furthermore, comparisons of results obtained by different laboratories would be possible if standardized procedures were adopted.
Flow cytometry is increasingly being used to analyse the structure and function of bivalve hemocytes (Ford et al. 1994; Fournier et al. 2002; Gagnaire et al. 2006) . In this context, a comparative study was conducted using the Pacific oyster, Crassostrea gigas, a common biological model in marine bivalve studies. Two laboratories, one equipped with a FacsCalibur r (Becton Dickinson), the other with an EPICS XL4 r (Beckman Coulter) flow cytometer, but both using the same software, participated in this study. The questions to be addressed focused on: i) the hemocyte parameters relative to the site for hemolymph collection (pericardial fluid or muscle hemolymph) and ii) the type of cytometer used for cell analyses. Several hemocyte parameters including cell viability, oxygen-dependant antimicrobial activity, non specific esterase, extension of the lysosomal compartment and phagocytic index were measured according to well established flow cytometry protocols. Total hemocyte count (THC), volume of hemolymph and total number of cells were also monitored using conventional methods.
Material and methods

Animals and assay schedule
Adult Pacific oysters, C. gigas, with a shell length of 2-3 cm, were reared for 16 months in external raceways at the and then three weeks later at IFREMER (La Tremblade) using an EPICS XL4 r (Beckman Coulter). The two flow cytometers were both equipped with a 488 nm argon-ion laser. Data were processed using WinMDI 2.8 software (Windows version). When animals had to be transferred, they were kept in seawater at ambient temperature for one night and then processed the day after the transfer.
Hemolymph collection
Hemolymph was withdrawn using a syringe equipped with a needle (0.9 × 25 mm) either from the pericardial cavity after carefully opening the shell, or from the sinus of the adductor muscle after breaching the shell with pincers (Auffret and Oubella 1995; Lambert et al. 2007) . 0.5-1.5 ml of hemolymph was collected from each oyster. The hemolymph was stored on ice until processed to reduce spontaneous aggregation. Three pools of ten animals each were used for both collection sites. For each pool, the volume of hemolymph was recorded and hemocytes were counted using a Malassez counting chamber to determine the hemocyte concentration (number of cells per ml). From these data, the total number of collected cells was calculated for each pool.
Flow cytometer analyses
Three thousand events were counted per sample for each cytometer. Data were collected at a specific photomultiplier tube (PMT) fluorescence, at 500-550 nm for cell mortality (red fluorescence) and 560-670 nm for other parameters (green fluorescence). A FSC threshold was defined in order to eliminate cell debris and bacteria. Hemocyte parameters were assessed using protocols previously described (Gagnaire et al. 2006) . Each measurement required 200 µl of hemocyte suspension.
Previously described protocols for bivalve immunology were applied. In brief, hemocytes were incubated in the dark for 30 min at 4
• C with 10 µl of propidium iodide (PI, 1.0 mg L −1 , Interchim) to quantify cell mortality. A phagocytic index was measured ex vivo as the proportion of cells that had ingested three or more fluorescent beads. Hemocytes were incubated for one hour in the dark at ambient temperature with 10 µl of a 1/10 dilution of Fluorospheres carboxylate-modified microspheres (1 µm diameter, Interchim). The final ratio of beads:hemocytes was 135:1. The hemocyte phagocytic capacity (HPC) was calculated as the mean number of engulfed beads within the phagocytic haemocytes population (Lehmann et al. 2000) .
The production of cellular Reactive Oxygen Species (ROS) was measured using dihydrorhodamine 123 (DHR123, Molecular Probes), specific for superoxide anion O − 2 . Non-specific esterase activity was measured using the substrate fluoresceine diacetate (FDA, Molecular Probes).
The extension of the lysosomal compartment was measured using a commercial kit (LysoTracker Green DND-26, 500 µM in DMSO, Molecular Probes). For these three parameters, one µl of a DHR123 solution (145 µM), a FDA solution (400 µM) or a LysoTracker aliquot was added to hemocytes, respectively. Cells were then incubated for 30 min for esterase activity and ROS production and two hours for lysosome presence. Incubations took place in the dark at room temperature and the reaction was stopped on ice (5 min).
The samples were prepared in each of the labs during two trials and subsequently analyzed in the cytometer available there. For cell analysis, gates were defined on the cytograms in order to distinguish different populations according to fluorescence intensity as previously described (Gagnaire et al. 2006 ).
Statistical analyses
Data were arcsine square root transformed to achieve normality. For hemocyte concentration, volume and total hemocyte count, means were compared by performing the Student t-test. For flow cytometry results, statistical analysis was done only on the population of highly stained cells (Gagnaire et al. 2006) . Student t tests were carried out on collection sites for each cytometer using Statgraphics Plus version 5.1 software.
Results and discussion
The total volume of fluid withdrawn from the adductor sinus was three times larger than that from the pericardial cavity, p < 0.001 (Fig. 1) . Microscopical examination of samples showed that muscle hemolymph was less cluttered with particles such as gametes and bacteria than pericardial fluid. Hemocyte concentration and total cell counts were not significantly different between collection sites (Fig. 1) . No significant differences for cell mortality, ROS, esterase and lysosome percentages of positive cells were found between the pericardial fluid and the muscle hemolymph when analysed with the EPICS XL4 r and the FacsCalibur r (Figs. 2a,b) . However, values for cell mortality tended to be higher using the EPICS XL 4 r compared to the FacsCalibur r .
For both cytometers, the phagocytic index was higher for hemocytes collected from the muscle sinus compared to the pericardial cavity (p < 0.01, Figs. 2a,b) . However, there was no difference in hemocyte phagocytic capacity (assessed only with the FacsCalibur r ) of hemocytes collected from the two sites (data not shown).
When both trials were compared, both the cell morality and the phagocytic index tended to be higher using the EPICS XL 4 r . However, the phagocytic index ratio of the two sites of hemocyte collection remained comparable at 1:2 (pericardial fluid: muscle hemolymph).
Using the Pacific oyster as a model, the first aim of these experiments was to compare the two sites of hemolymph collection based upon the evaluation of their hemocyte parameters. Hemolymph collected from the sinus of the adductor muscle yielded a larger volume of fluid with less undesirable particles (gametes and bacteria) than that extracted from the pericardial cavity.
This study reveals that the origin of hemocytes may interfere with assays for hemocyte functions. Indeed, the phagocytic index of the pooled hemocyte population collected in the muscle hemolymph was twice as high as that obtained from the pericardial fluid. Furthermore, we showed that this discrepancy could not be explained by a difference in the average number of beads engulfed (hemocyte phagocytic capacity, HPC), that is, the capacity of hemocytes collected from the two sites to perform phagocytosis. This clearly demonstrates that uneven index values might result from a lower number in phagocytic cells rather than from a reduction of their activity as immune cells. Another hypothesis is that the difference observed among collection sites may be due to two different patterns of hemocyte sub-populations.
The exact origin of bivalve hemocytes remains unknown, but different sub-populations of hemocytes, mainly granulocytes and hyalinocytes, exist through different patterns (see review by Cheng 1981; Hine 1999) . Granulocytes showed higher phagocytic activities than hyalinocytes in Crassostrea virginica (Goedken and De Guise 2004) and in Mytilus edulis (Pipe et al. 1997) whereas chemicals, such as copper, induced changes in these hemocyte patterns after a few days of in vivo exposures (Pipe et al. 1999) . However, even though flow cytometry can be used to differentiate hemocyte sub-populations (Gagnaire et al. 2006) , no such data was generated in this study. Experiments should be continued in order to obtain this type of data.
It is important to note that the pericardial cavity and the anterior adductor muscle sinus have different physiological roles. While the anterior adductor muscle sinus is involved in the hemolymph circulation throughout the body, the heart and particularly the auricles have been described as a major site of bioaccumulation and detoxication of xenobiotics in bivalves (trace metals; polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCBs) and of ultrafiltration (Zaroogian and Yevich 1994) . Moreover, both collection sites (adductor muscle sinus and pericardial cavity) have very little physical connection between them and do not exert the same functions in bivalve physiology (Cheng 1981) . Finally, specific hemocytes called serous cells or brown hemocytes reside in the pericardial cavity and are devoted mostly to excretion (Hine 1999) . Exposure to chemicals may have different immunotoxic effects on various immune cells. In mice for example, permethrin, an insecticide, induced different effects on immune cells collected from blood compared to those collected from nephros (Prater et al. 2002) . Mercury also induces different immunotoxic effects in macrophages than in neutrophils (Cunha et al. 2004) . Consequently, in any further studies assessing these immune endpoints or other hemocyte parameters, one should carefully consider which site the hemocytes are to be collected, at least in the case of the Pacific oyster, Crassostrea gigas. This study also raises the question of the differential role of hemocytes in the immune functions.
In terms of differences between cytometers used to analyse hemocytes from the same site of withdrawal, both the phagocytic index and cell mortality tended to be higher using the EPICS XL 4 r . This may be due to the delay (three weeks) between trials on FacsCalibur r and EPICS XL 4 r cytometers.
A seasonal survey of Pacific oysters (Duchemin et al. 2007) has shown that the phagocytic index of hemocytes collected from the muscle sinus can vary by 8% to 30% depending on the time of the year. Another explanation could be variations in electronic specifications and signal treatment by the FSC photodetector of each cytometers. The EPICS XL 4 r translates bead sizes in increasing order (from left to right, increasing size from 3 µm to 8 µm). The FacsCalibur r inverts bead sizes (from left to right, sizes are 4 µm, 3 µm, 6 µm, 5 µm, 8 µm and 7 µm) (Becker et al. 2001) .
The measurement of phagocytosis using flow cytometry remains the most relevant parameter to assess the status of the immune system in bivalve hemocytes. Since the assay is always performed ex vivo (Lehmann et al. 2000) , other comparisons could be performed relative to the size of the beads and the bead-to-cell ratio following the ingestion of 2 µm (Auffret et al. 2002) , 1.7 µm (Sauvé et al. 2002) or 1 µm fluorescent beads or labelled bacteria (Allam et al. 2001) .
No difference in ROS, esterase and lysosome percentage of positive cells were noted between cytometers or between collection sites. This result demonstrates the robustness of the protocols which have been developed. These activities have, however, been shown to be modulated in vitro in contaminated hemocytes compared to controls (Gagnaire et al. 2006 ). These results further show the potential value of measuring such parameters for immunotoxicological studies.
Conclusion
This study touches upon some elements to consider when conducting standardised immunotoxicological studies in bivalves and reveals that hemocyte assessment may differ depending on the site of collection. These differences could be the basis for further studies on hemocytes. Finally, these preliminary results have highlighted the need for the harmonization and standardization of bivalve immune endpoints assessment methods.
From a technical perspective, puncture of hemolymph in the pericardial cavity takes less time to be performed than for the sinus of the adductor muscle and could be recommended when processing a high number of oysters while puncture into the muscle should be used when large volumes of hemolymph are needed.
